Abstract-This paper presents a precise time-step integration method for transient analysis of lossy nonuniform transmission lines. The spatial discretization in this method is the same to the finite difference time domain (FDTD) algorithm. However, in order to eliminate the Courant condition constraint, the precise integration method is utilized in the time-domain calculation. It gives quasi-exact solutions in time domain for the spatial discretized Telegrapher's equations. Since the exponential matrix is calculated precisely, large time step can be adopted in the integration process to achieve accurate results efficiently. A numerical example is presented to demonstrate the accuracy and stability of the proposed method.
INTRODUCTION
The finite difference time domain (FDTD) method is widely used in solving various kinds of electromagnetic problems. It is also a common way to obtain transient responses of lossy multiconductor transmission lines (MTL) [1, 2] . Due to its simplicity and flexibility, it doesn't need to decouple MTL in the modeling and is straightforward to be used in nonuniform transmission line cases. In recent past, it has been successfully extended in analyzing transmission lines with frequencydependent parameters by means of recursive convolutions [3] . Despite its virtues, this method is restricted by the Courant condition to ensure its stability. Thus, both spatial and temporal segments must be small enough to achieve satisfying accuracy, which in turn leads to time-consuming calculation.
In this paper, a precise time-step integration method for the transient analysis of lossy MTL is presented. In contrast to the FDTD method, this approach only discretizes the spatial derivatives in the Telegrapher's equations, while the temporal derivatives remain unchanged. In this way, a semidiscrete model can be obtained. Subsequently, this model is solved using the precise integration method [4] . Unlike FDTD, the spatial and temporal step in this approach is not constrained by the Courant condition. Large time steps can be used in the integration process. Since the exponential matrix is calculated precisely, it can give quasi-exact solutions for nonuniform MTL in the time domain. Similar to the FDTD algorithm, the process of decoupling is not needed in this method. Thus, MTL with arbitrary coupling status can be easily dealt with. A numerical example is presented to illustrate the application of the proposed method, and the results are compared with those obtained with the FDTD method.
DEVELOPMENT OF THE SEMI-DISCRETE MODEL
Consider N -coupled transmission lines represented by the Telegrapher's equations as
where R(x), L(x), C(x), and G(x) are the per-unit-length (p.u.l.) parameter matrices of transmission lines. It is assumed that the lines are divided into M segments with equal length ∆x. As the FDTD algorithm, we interlace the M + 1 voltage points (V 1 , V 2 , . . . , V M +1 ), and the M current points (I 1 , I 2 , . . . , I M ). The current points at two ends are I 0 and I M +1 . Each voltage and adjacent current solution point is separated by ∆x/2. Next, the spatial derivatives of voltage and current points are approximated by central differences. At the two end points, forward and backward difference schemes are used. The resulting semi-discrete equations can be given in the matrix form:
COMPUTATION WITH TIME-STEP INTEGRATION METHOD
The terminal networks of the transmission lines are usually characterized using the state-variable formulation, which is compatible to the form of (3). Therefore, the state-variable equations can be easily combined into (3), and the resulting equation is given by
where X 1 , H 1 and F 1 are the modified matrices of (3). Note that only the variables associated with the inputs of circuits consist in F 1 for linear terminal networks. The solution of equation (4) can be written as
Assuming that F 1 is linear within a time step (t j , t j+1 ), where t j = jτ (j = 0, 1, 2, . . .). It can be written as
where r 0 and r 1 are known vectors. It is worthy noting that the inputs of high-speed circuits are generally characterized in the piecewise-linear form (e. g., trapezoidal pulses), this assumption is therefore quite reasonable for the practical application. Thus, (5) can be transformed into the time-step integration form:
where
Consequently, when the initial value is given, X 1 can be calculate in this recursive way. Note that unlike the time-difference approximation implemented in the FDTD algorithm, (7) gives a quasi-exact solution provided that we can calculate the exponential matrix T at a precise value. Details on the precise computation of the exponential matrix are given in [4] .
NUMERICAL RESULTS
This example is a two-coupled nonuniform transmission line system as shown in Fig. 1 . The input voltage source is a 1-V pulse with a 0.5-ns rise/fall time and a width of 3 ns. The transient response at far end of the active line is depicted in Fig. 2 . It is assumed that the nonuniform lines are divided into 20 segments in the length and the time step is chosen to be 10 ps in both the proposed method and FDTD method. The results are described by the dotted line and solid line, respectively. For the proposed method, the CPU time on Pentium IV PC (3.0 GHz) is 0.08 s. In order to improve the computational efficiency, the time step should be enlarge. In this method, the time step will not affect the accuracy of results. Accurate results with τ = 250 ps ('star' symbol) is also depicted in Fig. 2 . The CPU time is then reduced to 0.015 s. As an extreme scenario, we can even choose the time step equal to the rise time of the input voltage (500 ps). By contrast, constrained by the Courant condition, the results of the FDTD method become not convergent as the time step increases (e. g., τ = 20 ps in this example). 
CONCLUSIONS
In this paper, a precise time-step integration method is presented for solving the transient response of lossy transmission lines. The method doesn't need to decouple MTL and is straightforward to be used in modeling nonuniform MTL as it dose for the uniform cases. The stability and accuracy of the results is independent of the size of time step, which contributes to the high efficiency of the proposed method.
